ADDITIONAL INDEX WORDS. confusion probability, cultivar identifi cation, discriminating capacity ABSTRACT. The aim of this work was to study in depth the resolving power of RAPD markers for rapid and reliable identifi cation of olive cultivars in germplasm collections. The D parameter (the probability that two randomly chosen cultivars have different banding patterns), used for that purpose, showed high values for most of the 21 primers tested and its values ranged from 0.6114 (OPI-13) to 0.9762 (OPK-16) with a mean value of 0.8566. This parameter was used to select the fi ve most discriminating primers: OPK-16, OPA-19, OPX-09, OPF-06 and OPZ-11. The joint confusion probability and the statistical number of indistinguishable pairs of cultivars were estimated for these primers (under independence hypothesis). The combination of three primers (OPK-16, OPA-19 and OPX-09) was found optimal for rapid discrimination of 103 cultivars with a very low value of cumulative confusion probability (1.72 × 10 -5 ), leaving 0.09 pairs of cultivars indistinguishable. This fact, together with the effi ciency of the most discriminating primers combination on an increasing number of cultivars, evidenced the utility of RAPD markers for discrimination of olive cultivars in collections and in nurseries.
The olive (Olea europaea L.) tree is a species of great socioeconomic importance in the Mediterranean basin, where 95% of the world production occurs. There are 79 olive collections located in 24 countries which contain about 1200 cultivars with more than 3000 different names (Bartolini et al., 1998) . The use of cultivar synonyms and homonyms, the existence of a very large number of varieties and the confusion in naming utility (Barranco and Rallo, 1984) are some of the most important problems in the management of these germplasm collections. This reinforces the need to unambiguously distinguish between cultivars and to clarify synonyms and homonyms for an effi cient use and management of olive genetic resources in the collections. Precise and rapid cultivar identifi cation is required in olive breeding programs to accurately identify the parents and further to distinguish new cultivars for proprietary rights protection. Furthermore, a reliable verifi cation of cultivar identity is a very important aspect for the olive growing industry, nurserymen and growers as, similarly to other fruit trees, the cost of the plant material is high and the plantation errors cannot be detected before many years of cultivation (Arus et al., 1993) .
The introduction of molecular biology techniques provides an opportunity for genetic characterization that allows direct comparison of different genetic material independent of environmental infl uences, but the practical utility of any molecular approach for germplasm management is partly determined by the ability to differentiate between large numbers of accessions. That dictates that the protocol used should be quick, uncomplicated and cheap. The greatest challenges for the identifi cation of cultivars by means of molecular markers are to reduce the cost of analysis (i.e., the number of amplifi cations and thus the number of primers) as well as the risk of confusing one of these genotypes with a randomly chosen genotype taken from a larger sample (Tessier et al., 1999) .
Different molecular markers such as isoenzymes (Ouazzani et al., 1993; Trujillo et al., 1995) , randomly amplifi ed polymorphic DNA (RAPD) markers (Barranco et al., 2000; Belaj et al., 2001; Besnard et al., 2001; Fabbri et al., 1995; Mekuria et al., 1999; Sanz-Cortes et al., 2001; Wiesman et al., 1998) , as well as amplifi ed fragment length polymorphisms (AFLP) (Baldoni et al., 2000) and simple sequence repeats (SSR) (Carriero et al., 2002; Cipriani et al., 2002; Rallo et al., 2000; Sefc et al., 2000) have been used for identifying olive cultivars. However, the majority of these studies was conducted on a small number of samples and does not focus on the most important problem, that is the way to optimally apply these techniques for identifi cation purposes in germplasm collections.
The present work is part of a larger study started in 1996 on the World Olive Germplasm Bank of Córdoba (Spain). The fi rst studies mainly aimed at the setting up of PCR-RAPD techinque in olive and the evaluation of its polymorphism for cultivar discrimination. For that purpose, a subsample of 51 cultivars was analyzed by means of 46 primers separated in agarose (Belaj et al., 2001) . The objective of this work was to study in depth the optimal use of RAPD markers in Germplasm Banks. The discriminating capacity parameter was used to evaluate the utility of a given RAPD primer for variety identifi cation. The optimal combination of primers to identify a high number of accessions (103) from the World Olive Germplasm Bank of Córdoba with a minimum theoretical risk of confusion was selected. Finally, we estimated the statistical number of indistinguishable pairs when applying a single primer and combination of primers on an increasing number of varieties.
Materials and Methods
PLANT MATERIAL AND DNA EXTRACTION. One hundred and three cultivars of olive from the World Germplasm Bank of the CIFA "Alameda del Obispo" in Cordoba, Spain, were studied (Table 1) . Total genomic DNA was isolated from fresh leaves as described by Belaj et al. (2001) .
RAPD ANALYSIS.
Amplifi cations were performed as described by Belaj et al. (2001) . All the reactions were conducted three times using DNA of different extractions and different lots of the AmpliTaq DNA polymerase Stoffel fragment (Applied Biosystem, Foster City, Calif.). The amplifi cation products were separated on polyacrylamide gels of 18 × 16 cm containing 10% acrylamide, 0.126% piperazine diacrylamide crosslinker in 0.375 M Tris-HCl, pH 8.8, using Tris glycine (0.025 M Tris, and 0.192 M glycine) and were visualized by silver staining as described by Bassam et al. (1991) . Twenty one primers from kits A, F, I, J, K, P, Q, X, and Z (Operon Technologies, Alameda, Calif.) were used in the study (Table 2) .
DATA ANALYSIS. RAPD bands were scored as 1 (present) or 0 (absent) in a binary matrix for each primer following a con- servative criterion for their selection and each gel was scored independently. The number of banding patterns, i.e., the different combinations of bands obtained and their frequencies were calculated for each primer. The amplifi cation banding patterns of two cultivars ('Arbequinaʼ and 'Lechín de Sevillaʼ) were used as standards for comparing different gels.
To evaluate the effi ciency of the RAPD markers in varietal identifi cation, the following estimates were used: confusion probability (C j ) of the jth given primer as defi ned by Tessier et al. (1999): where p i is the frequency of the ith pattern, N = the sample size, and I = the total number of patterns generated by the jth assay unit. Joint confusion probability (C k ) for a given set of primers is a product of the C j of each primer under the independence hypothesis.
The confusion probability of a given primer provides an estimate of the probability that two randomly chosen genotypes from the sample of 103 cultivars have identical banding patterns for that primer. Thus discriminating power (D j ) of the j-th primer is equal to D j = 1-C j . Limit of D j as N tends toward infi nity was also calculated.
In a set of N genotypes, it is possible to draw N (N -1)/2 different pairs; thus theoretically, the total number of non-distinguishable pairs of cultivars is given by x j = [N(N -1)/2] C j . For a given combination of k primers, under the hypothesis of independence, this number (X k ) is equal to the product of the x j of each primer (Tessier et al., 1999) . X k values were calculated on the 103 cultivars included in this study as well as on an increasing number of varieties.
Results and Discussion

RAPD POLYMORPHISM.
With the 21 primers used, 126 reliable RAPD markers (93% of the total fragments) could be selected (Table 2 ). The number of polymorphic markers per primer ranged from 3 to 10 and their combination generated from 5 (OPZ-07) to 43 (OPK-16 and OPA-19) banding patterns per primer, with 17.7 banding patterns per primer, on average. The frequency of banding patterns per primer (data not shown) ranged from 0.01 (banding patterns present in only one cultivar) to 0.37 (banding patterns obtained in 38 genotypes).
High values of discrimination power (Table 2) were obtained for the majority of the primers and its values ranged from 0.6114 (OPI-13) to 0.9762 (OPK-16), with a mean value of 0.8566. The high discriminating power of the RAPD primers examined in this study is consistent with that reported for these markers used in cultivar identifi cation of olive (Besnard et al., 2001 ) and grape (Tessier et al., 1999) . However, the average number of banding patterns per primer and the average discriminating power were higher than in these studies. The high diversity found in olive, a better representative in this study of olive cultivar diversity in Mediterranean basin as well as a higher resolution provided by polyacrylamide gels could have infl uenced these differences.
The effi ciency of a given primer depends on the number of fragments it generates as well as on the frequency of their banding patterns. A primer has a maximal discriminating power when it generates patterns at the same frequency (the isofrequency situation, Tessier et al., 1999) . 
DETERMINING THE OPTIMAL SET OF PRIMER COMBINATIONS FOR IDENTIFICATION PURPOSES.
One major application of RAPD markers in olive is the identifi cation of cultivars. Therefore, the potential of each primer to yield different genotypes for as many cultivars as possible with a minimum risk of confusion is of great interest. Selection of the most informative primers reduces the cost of analysis for reliable cultivar distinction. The fi rst fi ve primers (OPK-16, OPA-19, OPX-09, OPF-06 and OPZ-11) were chosen in this study on the basis of their discriminating power ( Table  2 ). The joint confusion probability and theoretical cumulative number of indistinguishable pairs was calculated with these primers under the independence hypothesis (Table 3) . As expected, the values of both these parameters decreased as the number of primer combinations increased.
The combination of three primers (OPK-16, OPA-19 and OPX-09) can be considered as a theoretical optimum for rapid and reliable discrimination of 103 cultivars with a cumulative confusion probability value of 1.72 × 10 -5 , leaving only 0.0903 pairs of cultivars, from the 5253 theoretical pairs, indistinguishable. The high discriminating capacity of RAPD markers in olive is expected; only three primers make possible the identifi cation of 102 clones with a low confusion probability among cultivars (Besnard et al., 2001 ) while four primers detected in agarose were needed for the identifi cation of 51 cultivars from the Germplasm Bank of Córdoba, (Belaj et al., 2001) .
Despite their very high discriminating capacity, these three primers as well as the rest of the primers used in this study were not able to discriminate a few pairs of cultivars between them. These were: 'Cakir-Valanoliaʼ; 'Gordal Sevillanaʼ-ʼSanta Caterinaʼ; 'Cañivano Blancoʼ-ʼPicholine Marocaineʼ; 'Manzanilla de Sevillaʼ-ʼRedondilʼ; 'Manzanilla Cacereñaʼ-ʼNe-grinhaʼ; 'Grappoloʼ-ʼLeccio del Cornoʼ; and 'Cellinaʼ-ʼFrantoioʼ. Two hypotheses can explain the fact that even these primers with very high discriminating capacity, could not distinguish a few pairs of cultivars between them. The fi rst is the lack of complete statistical independence of the patterns generated by the primers and the second hypothesis is that these pairs of cultivars are synonyms. Previous investigations using morphological markers (Barranco and Trujillo, personal communication) and isoenzymes (Trujillo et al., 1995) have defi ned these cultivars as putative synonyms. However, further studies using SSR and AFLP markers are needed in order to confi rm the status of these cultivars.
Finally, the expected number of indistinguishable pairs when applying a single primer or a combination of primers on an increasing number of varieties, was calculated (Fig. 1) . Both the combination of four (OPK-16, OPA-19, OPX-09 and OPF-06) and fi ve (OPK-16, OPA-19, OPX-09, OPF-06 and OPZ-11) primers could discriminate up to 1000 cultivars, statistically leaving less than one pair of cultivars indistinguishable. According to these data, four primers would theoretically be suffi cient to discriminate the total number of accessions (356) found currently at the World Germplasm Bank of Córdoba (del Río, personal communication).
According to our results, under careful laboratory practice and stringent selection of reproducible markers (Belaj et al., 2001) , RAPD technology provides an inexpensive and reliable method for routine screening of a large number of cultivars to monitor and manage the genetic resources of olive germplasm collections. The high capacity for cultivar discrimination of the combination of three primers (OPK-16, OPA-19 and OPX-09) is an evidence of Table 3 . Joint confusion probabilities (C k ) for fi ve most discriminating primers and the number of non-distinguishable pairs (X k ) for a single primer or a given combination of primers on a set of 103 varieties (5253 pairs the utility of RAPD markers for that purpose in olive. For RAPD analysis the problems of reliability and transferability among laboratories should be considered. The molecular data generated from the RAPD/fi ngerprints of olive germplasm collections should be completed with data obtained by other molecular markers such as SSRs and AFLPs, which may facilitate the interchange of information among different groups and collections.
